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Thymic Function Can Be Accurately Monitored
by the Level of Recent T Cell Emigrants
in the Circulation
whether thymic emigrants establish the intestinal intra-
epithelial lymphocyte compartment is another topical
issue that would benefit from the availability of a reliable
marker of recent thymic emigrants, because an extrathy-
mic origin of intestinal T cells, especially the gd T cells
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§Department of Microbiology bearing CD8aa homodimers, is suggested by many
studies (Lefrancois et al., 1990; Rocha et al., 1992; Guy-‖Howard Hughes Medical Institute
University of Alabama at Birmingham Grand et al., 1994; Poussier and Julius, 1994), whereas
others indicate a thymic origin of the intestinal gd TBirmingham, Alabama 35294-3300
cells (Coltey et al., 1989; Dunon et al., 1993a, 1993b;
Lefrancois and Puddington, 1995; Lin et al., 1995). To
better understand the fate of newly formed T cells andSummary
to gauge the functional integrity of the thymus during
aging and altered health status, a marker of recent thy-Expression of the avian chT1 thymocyte antigen per-
mic emigrants would thus be invaluable.sists on a subpopulation of peripheral T cells enriched
In the present studies, we define such a marker for Tin the DNA deletion circles created by ab and gd TCR
cells that have recently migrated from the avian thymusgene rearrangements. The chT11 cells are evenly dis-
and its usefulness in monitoring thymus function. Thetributed among all of theperipheral T lymphocyte com-
chT1 antigen, originally described as a thymocyte-spe-partments. The levels of chT11 T cells in the periphery
cific antigen (Chen et al., 1984; Ratcliffe et al., 1993),gradually decline in parallel with age-related thymic
thus serves as a convenient cell surface marker for re-involution, and these cells disappear following early
cent thymic emigrants in the peripheral T cell pool, thethymectomy. Experiments in which variable numbers
levels of which are directly related to functional thymicof the 14 thymic lobes are removed in young chicks
mass.indicate a direct correlation between the levels of cir-
culating chT11 cells and residual thymic mass. Mea-
Resultssurement of recent thymic emigrants in the periphery
thus provides an accurate indication of thymic function.
Ontogeny and Tissue Distribution of chT1
Antigen ExpressionIntroduction
Emergence of chT1 Expression
in the Embryonic ThymusThe thymus plays a crucial role in the development of
Multipotent hemopoietic stem cells and thymocyte pro-the T cells in birds and mammals by providing an induc-
genitors have been shown to reside in embryonic bonetive microenvironment in which bone marrow±derived
marrow and spleen (Houssaint, et al., 1991; Dieterlen-progenitors undergo proliferation, T cell receptor (TCR)
Lievre, 1994). When these tissues were examined as agene rearrangement, and thymocyte differentiation into
function of developmental age, cells that expressed thegd and ab T cells that may express CD4 and CD8 core-
chT1 antigen in levels detectable by immunofluores-ceptors (Cooper et al., 1991; Kisielow and von Boehmer,
cence were uniformly absent prior to embryonic day 141995; Shortman and Wu, 1996). Most immature CD4/
(E14), suggesting that hemopoietic progenitors expressCD8 double-positive thymocytes undergo programmed
little or no chT1 antigen before migration into the thy-cell death, and only a small portion survive to become
mus. By the 10th day of embryonic life, a small subpopu-CD4 and CD8 single-positive T cells through positive
lation of thymocytes (z10%) expressed the chT1 anti-selection by self-peptides presented by the major histo-
gen, although none of the E10 thymocytes expressedcompatibility complex class I and II molecules (Robey
CD4, CD8, or TCRs. The frequency of chT11 thymocytesand Fowlkes, 1994; Jameson et al., 1995; Kisielow and
then increased rapidly to reach more than 98% by E15von Boehmer, 1995). It is estimated that approximately
(Figure 1A), when T cell differentiation is well underway1% of the cells produced in the murine thymus migrate
(Bucy et al., 1990; Cooper et al., 1991), and the vastto the periphery as immature T cells (Scollay et al., 1980;
majority of these thymocytes expressed relatively highEgerton et al., 1990), but the characterization of these
levels of the chT1 antigen. Both gd and ab T cells in thenewly formed T cells and their migration patterns has
embryonic thymus expressed the chT1 antigen. Whenbeen hampered by the lack of a reliable marker to distin-
the different thymocyte subpopulations were examinedguish recent thymic emigrants from the T cells that were
1 week after hatching (Figure 2), virtually all CD4/CD8seeded earlier to the peripheral lymphoid tissues.
double-positive thymocytes expressed chT1 at high lev-Whether recent thymic emigrants are fully functional or
els, whereas the levels of chT1 expression were morerequire further repertoire selection and differentia-
variable for the CD4 and CD8 single-positive subpopula-tion needs further definition. The important question of
tions. Whereas almost all (.96%) of the embryonic CD4
single-positive thymocytes were chT11, more CD4
chT12 thymocytes (z25%) were found by 1 week of# To whom correspondence should be addressed (e-mail: max.
cooper@ccc.uab.edu). age. Immunohistochemical analysis of thymus sections
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Figure 1. Ontogenetic Analysis of chT1 Ex-
pression by gd and ab T Cells
Immunofluorescence flow cytometry data are
shown for unseparated cells from (A) embry-
onic thymi, (B) spleens of embryonic and
newly hatched chicks, and (C) spleens of
older birds. Tissue samples from four to eight
embryos were pooled for this analysis, and
data from two to three older birds were aver-
aged at each time point. gd and ab T cells
were analyzed for chT1 expression, and the
percentage of chT11 cells determined for
each subpopulation. The gd T cells were iden-
tified with the TCR1 (anti-TCRgd) mAb, and
ab T cells were identified with a combination
of the TCR2 (anti-Vb1) and TCR3 (anti-Vb2)
mAbs.
provided another indication of chT1 down-regulation Age-Related Changes in chT11 T Cell Levels
chT1 expression was confined exclusively to the CD31with T cell maturation, in that intensive chT1 reactivity
was observed for the cortical thymocytes and minimal ab and gd T cells in the periphery (see Figure 5). The
percentage of chT11 T cells in the peripheral T cell poolreactivity was noted for most cells in the medullary thy-
mocyte population of young chicks (data not shown). declined after hatching to a level of approximately 10%±
20%, which was maintained over the first 4 months ofPeripheralization of chT11 T Cells
during Ontogeny life. Whereas 8%±15% of the ab T cells in young chicks
were chT11, the proportion of chT11 gd T cells wasThymus-derived gd T cells begin migrating to the spleen
and the intestines around E15, whereas ab T cells begin consistently higher (Figure 1C). The chT11 T cell levels
then declined slowly with increasing age sothat inchick-to appear in these tissues on E18 (Chen et al., 1988;
Sowder et al., 1988; Char et al., 1990; Cooper et al., ensolder than 8 months approximately 1% of theperiph-
eral T cells were chT11. This small subpopulation of1991). When the splenic gdand ab T cells were examined
for chT1 expression on E15 and E18, respectively, they peripheral chT11 T cells persisted into midlife, being
present in 1-year-old birds (Figure 1C).were found to be chT11 (Figure 1B). With advancing
age, however, increasing numbers of the splenic gd and Distribution of the chT11 Cells among Peripheral
T Lymphocyte Compartmentsab T cells were found to lack the chT1 antigen, and
a gradient of chT1 antigen expression levels became The relative levels of chT11 T cells were similar for the
populations of circulating, splenic, and intestinal epithe-evident. Because most gd and ab T cells in the thymus
at the same developmental time points express chT1 lial lymphocytes, and the chT11 T cell subpopulation in
all of these compartments included both ab and gd Tat relatively high levels (Figure 1A), these observations
suggest that chT1 down-regulation may occur after the cells (Figure 3A). Subpopulations of the gd and ab T cells
in the Harderian gland of the eye likewise expressed thecells enter the peripheral T cell pool.
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Figure 2. Analysis of chT1 Antigen Expression by Thymocytes from
a 1-Week-Old Chick
Cells differentially stained with the CT8, CT4, and CT1 mAbs were
analyzed by immunofluorescence flow cytometry. Percentages of
chT11 cells are indicated for each subpopulation discriminated by
the CT4 and CT8 mAbs.
chT1 antigen (data not shown). The expression of the
CD8a and CD8b subunits by the chT11 cells was exam-
ined, because the gd T cell population is comprised by
CD8aa1, CD8ab1, and CD8a2b2 subpopulations that
are especially evident in the intestine (Tregaskes et al.,
1995). This analysis indicated that approximately 63%,
26%, and 11% of the intestinal chT11 gd cells were,
respectively, CD8ab1, CD8aa1, and CD8a2b2. Compar- Figure 3. Characterization of the chT11 T Cells in Different Periph-
eral Lymphoid Tissuesison of the CD4 and CD8 expression by T cells in the
(A) Immunofluorescence analysis of chT1 antigen expression by gddifferent peripheral lymphoid tissues indicated similar
(top) and ab (bottom) T cells from a 4-week-old bird.patterns for the chT11 and chT12 populations with one
(B) Immunofluorescence analysis of CD4 and CD8 expression byexception: the chT11 subpopulation was relatively en-
the chT11 and chT12 subpopulations of T cells.
riched in CD81 T cells, especially in the circulation (Fig-
ure 3B). Finally, a subset of CD4/CD8 double-positive
cells (2%±3%) was observed among both the chT11 and by an established polymerase chain reaction (PCR)
chT12 populations. The results of this analysis indicate technique (McCormack et al., 1989; Pickel et al., 1993).
that the minor chT11 subpopulation contains all of the The chicken TCRb locus includes two Vb families,
different types of T cells that compose the chT12 T cell one Db, four Jb, and one Cb segment (Tjoelker et al.,
subpopulation. 1990; Lahti et al., 1991), whereas the TCRg locus
includes three Vg families, three Jg segments, and a
single Cg segment (Six et al., 1996). When PCR primersPeripheral chT11 T Cells Are Enriched
in TCR V(D)J Rearrangement Circles were employed to identify rearrangement deletion cir-
cles for the Vb1-Db, Vg1-Jg1, Vg2-Jg1, and Vg3-Jg1T cell receptors are the products of complex genes
formed by rearrangement of individual gene segments rearrangements, these could be detected in both chT11
and chT12 T cell populations. However, the results of(V, D, and J) during intrathymic T cell development (To-
negawa, 1983; Davis and Bjorkman, 1988). The V(D)J this semiquantitative assay indicated much higher levels
of DNA circles in the chT11 cells than in the chT12 Trecombination process involves the joining of two cod-
ing segments in thesame transcriptional orientation with cells (Figure 4), thus suggesting that chT11 cells have
undergone relatively recent TCR gene rearrangement.deletion of the intervening DNA (Fujimoto and Yamagi-
shi, 1987; Okazaki et al., 1987). Precise end-to-end liga-
tion of the recombination signal sequences flanking the Thymus Dependence of chT11 T Cells
in the Peripherycoding elements undergoing rearrangement leads to
formation of a circular episome containing the deleted The patterns of chT1 expression by thymocytes and
the subpopulation of relatively immature T cells in theDNA (Lewis, 1994; Bogue and Roth, 1996). Because
the presence of these DNA deletion circles can be con- peripheral T cell pool; the decline of chT11 T cells in
aging birds undergoing thymus involution (Wolfe et al.,sidered diagnostic of relatively recent TCR gene re-
arrangement, we purified chT11 and chT12 T cells from 1962); and their enrichment in DNA deletion circles sug-
gest that the chT11 T cells in peripheral lymphoid tissuesthe spleen and identified the TCR locus deletion circles
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Figure 4. Comparative Analysis of TCR Rearrangement Deletion
Circles in the chT11 and chT12 Subpopulations of Splenic T Cells
Equivalent amounts of DNA from the chT11 and chT12 T cells sepa-
rated by FACS to a purity of $ 98% were used as PCR templates
(see Experimental Procedures). The PCR products were then sepa-
rated on 1% agarose gels and transferred to nitrocellulose mem-
branes, which were hybridized with [g-32P]ATP-labeled specific
internal probes. The membranes were exposed on X-ray film for
12 hr.
represent recent thymic emigrants. On the other hand,
Figure 5. Analysis of the Peripheral Pool of chT11 T Cells followingthe fact that someof thechT11 T cells exhibit phenotypic
Surgical Thymectomyfeatures considered tobe characteristic of T cells gener-
(A) Thymectomy was performed at 4 weeks of age and tissues fromated outside of the thymus in mice (Lefrancois et al.,
the experimental and control birds were analyzed by immunofluo-
1990; Guy-Grand et al., 1994; Poussier and Julius, 1994) rescence 6 weeks later.
could be taken as evidence against this hypothesis. To (B) Time course analysis of circulating chT11 T cells after removal
determine the thymus dependence or thymus indepen- of the thymus at 4 weeks of age. Data points indicate values (circles
and bars, mean 6 SD) for 4 individual chickens. Four normal chick-dence of the chT11 T cells in the peripheral lymphoid
ens of the same ages served as controls. A monoexponential decaycompartments, we removed the thymi from 4-week-old
model was used to estimate a 3-day half-life of chT1 expression bychicks and examined their lymphoid tissues 6 weeks
T cells in the periphery.
later, first to verify the completeness of surgical thymec-
tomy and then to establish the level of chT11 T cells. In
this experiment, completely thymectomized birds were
in which thymectomy was performed on the day offound to be devoid of chT11 T cells (Figure 5A), indicat-
hatching (data not shown).ing thymus dependence of this chT11 subpopulation.
To evaluate the duration of chT1 antigen expression
by T cells migrating from the thymus, 4-week-old chick- Correlation of Thymic Mass with chT11 Cell
Levels in the Circulationens were thymectomized and chT1 expression by circu-
lating T cells was examined serially (Figure 5B). In this Because T cell emigration from the thymus is thought
to be a continuous process (Scollay and Godfrey, 1995),experiment, it was observed that the frequency of chT11
cells declined rapidly, with an estimated half-life of ap- we tested the hypothesis that the level of recent thymic
emigrants would correlate directly with the amount ofproximately 3 days. By 1 month postthymectomy, the
frequency of chT11 cells was less than 0.1% in four functional thymic tissue by conducting a graduated se-
ries of partial thymectomies. The chicken has 14 thymicof the five birds in the experimental group. The other
chicken, which retained approximately 1% chT11 cells lobes, making it possible to monitor thymic function
in a relatively quantitative way by removal of variablein the circulation, was found to possess a residual thy-
mic lobe when examined 6 weeks after thymectomy. numbers of the thymic lobes. Following the surgical re-
moval of different numbers of thymic lobes in 6-week-Thymic rudiments were not found in the other four thy-
mectomized chickens that were devoid of chT11 T cells. old chickens, the levels of chT11 cells were determined
serially. Whereas the chT11 population disappeared asThe absolute thymus dependence of chT11 cells was
also confirmed in another experimental group of birds expected in completely thymectomized chickens, the
chT11 T Cells Correlate with Thymic Function
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levels on their cell surface. chT1 down-regulation was
initiated around the time or soon after T cells began
their migration to the periphery, and variable levels of
the chT1 antigen were detected on the subpopulation
of peripheral T cells that expressed this antigen. Enrich-
ment of the V(D)J DNA deletion circles created by re-
arrangements in the TCR gd and ab loci was noted for
the chT11 subpopulation of peripheral T cells as further
evidence of their recent generation.
The newly formed subpopulation of chT11 cells found
in the periphery included only the CD31 T cells. The
chT11 subpopulation of T cells, which contained both gd
and ab T cells, was evenly distributed in the circulation,
spleen, and intestinal lymphoid compartments. The
postthymic nature of the chT11 T cells in all of these
tissues was indicated by their disappearance following
removal of the thymus. The rate of decline in T cell
expression of chT1 to undetectable levels as a function
of the time after thymectomy indicated a 3-day half-life
of chT1 expression, with the complete loss of chT11
cells in the peripheral T cell pool occurring by 1 month.
The mechanism responsible for the gradual down-regu-
lation of chT1 expression by maturing T cells remains
to be determined.
The thymus-derived chT11 population contained the
full array of phenotypically identifiable T cells, including
those thought to be generated through extrathymic
pathways in mice, such as the gd T cells expressing
CD8aa homodimers (Lefrancois et al., 1990; Guy-Grand
et al., 1994; Poussier et al., 1994). Whereas CD8aa1 gd
T cells were difficult to detect in the thymus (Tregaskes
et al., 1995), approximately 25% of chT11 gd T cells inFigure 6. Correlation of chT11 T Cell Levels in the Circulation with
the Number of Residual Thymic Lobes the intestine were CD8aa1. Possible explanations for
(A) Variable numbers of thymic lobes were surgically removed from this distribution pattern include the clonal expansion of
6-week-old chickens (three individuals per group), and levels of a limited number of recent CD8aa1 emigrants or the de
circulating chT11 cells were determined at serial intervals. Numbers novo induction of CD8aa expression in the intestinal
on the right indicate the number of residual thymic lobes for each
microenvironment. In keeping with the latter possibility,subgroup.
gd T cells labeled with a fluorescent marker in the thymus(B) Correlation between the number of residual thymic lobes and
have been found to express CD8 after their migrationlevels of circulating chT11 cells in the T cell pool 30 days post-
thymectomy. Spearman's rank correlation coefficient was 0.98 (P , to the spleen (Bucy et al., 1991). In addition, TCR cross-
0.0001). linkage combined with cytokine stimulation can induce
CD8aa expression by TCRgd1 thymocytes (F.-k. K, un-
published data).
levels of circulating chT11 cells in the partially thymecto- A significant portion of the peripheral pool of T cells,
mized chickens underwent a reequilibration to lower 10%±20% in the first 4 months of life, were marked by
levels that were proportionate to the number of residual their expression of the chT1 antigen as relatively recent
thymic lobes (Figure 6A). Four weeks after the partial thymic emigrants. This observation implies that the thy-
thymectomies, the levels of chT11 T cells in the circula- mus supplies a steady stream of newly formed T cells
tion were found to correlate directly with the numbers to the peripheral compartments in young animals. A
of residual thymic lobes (correlation coefficient 0.98; progressive decline in the numbers of peripheral chT11
Figure 6B). cells was associated with the gradual thymic atrophy
that begins with sexual maturation around 4 months
Discussion of age and continues with aging (Wolfe et al., 1962).
Nevertheless, even in 1-year-old birds, the chT11 T cells
These studies identify the avian chT1 thymocyte antigen composed approximately 1% of the peripheral T cell
as a reliable and convenient marker for recent T cell pool. This observation implies continual function of the
emigrants from the thymus to the periphery. chT1 ex- thymus in middle-aged animals, albeit at reduced ca-
pression was acquired by a subpopulation of the pacity.
CD82CD42CD32 thymocytes as early as the 10th day Thymectomy at hatching imposes a drastic limitation
of embryonic life, and a brisk up-regulation of chT1 in the number of gd T cells but not in the number of ab
expression then occurred with thymocyte maturation T cells in the peripheral pool (Chen et al., 1989; Cihak
so that virtually all CD41CD81 thymocytes and newly et al., 1991). The growth dependence of gd T cells on
cytokines produced by ab T cells (Arstila et al., 1993;formed gd and ab T cells expressed relatively high chT1
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TCRgd, and TCRVd2antigens wereproduced in this laboratory (ChenKasahara et al., 1993) or antigen-presenting cells (Han-
et al., 1984; 1986; Chan et al., 1988; Sowder et al., 1988; Char etrahan et al., 1997) may contribute to the limited capacity
al., 1990). Fluorescein isothiocyanate (FITC) and phycoerythrin (PE)for population expansion of gd T cells in the periphery
conjugation of the antibodies was performed by Southern Biotech-
(Bucy et al., 1988; Chen et al., 1989). Our observation nology Associates (SBA, Birmingham, AL). The TCR2 mAb with
that the chT11 subpopulation of peripheral T cells is TCRVb1 specificity (Chen et al., 1988) was the kind gift of Dr. J.
comprised by a greater portion of gd T cells than of ab T Cihak and Dr. U. LoÈ sch (University of Munich, Munich, Germany).
The Ep42 mAb with CD8b-chain specificity (Tregaskes et al., 1995)cells further suggests that a persistent stream of thymic
was the kind gift of Dr. M. J. H. Ratcliffe and Dr. E. Paramithiotisemigrants is essential to stock and maintain the periph-
(McGill University, Montreal, Quebec, Canada).eral gd T cell pool.
The most important principle revealed by these exper-
Cell Preparationiments, which were facilitated by the presence of 14
Mononuclear leukocytes were isolated by low-speed centrifugationdiscrete thymic lobes in the chicken, is the precise corre-
(60 3 g, 20 min) of heparinized blood samples. Bone marrow cells
lation between levels of chT11 cells in thecirculation and were obtained by flushing bone cavity with phosphate-buffered sa-
functional thymic mass. Removal of varying numbers of line. Single-cell suspensions were prepared by passage of bone
thymic lobes, either on the day of hatching or several marrow, thymus, and spleen cells through a fine mesh screen and
then centrifugation over a Ficoll-Hypaque density gradient (Kasa-weeks later, led to a reequilibration of chT11 cell num-
hara et al., 1993). Intestinal epithelial lymphocytes were derived frombers in the circulation to reduced levels that were di-
small intestinal segments by incubation with 0.1 mM EDTA and 0.1rectly proportionate to the amount of residual thymic
mM dithiothreitol with constant stirring at 378C for 30 min, followedtissue. If this principle can be extended to other verte-
by passage through a glass wool column and density gradient cen-
brates, including humans, the practical benefits would trifugation. chT11CT31, chT12CT31, and chT12CT32 subpopula-
be considerable. Thymic function could be monitored tions were purified by fluorescence-activated cell sorting (FACStar,
throughout life, and conditions leading to thymic under- Becton Dickinson, MountainView, CA) after staining the splenocytes
with PE-labeled CT1 antibody and FITC-labeled CT3 antibody. Theproduction or overproduction could be readily distin-
purity of sorted cells was greater than 98%.guished. The capacity of the thymus to restock a pe-
ripheral T cell pool depleted by accidental irradiation,
Thymectomyimmunosuppressive therapy, or viral infections could be
Surgical thymectomy was performed in 4- to 6-week-old chicksevaluated. The completeness of thymectomy could also
anesthetized by intravenous injection of Nembutal sodium solutionbe accurately determined in murine experiments de-
(Abbott Laboratories, North Chicago, IL). Through a 4±6 cm dorsalsigned to examine the potential for extrathymic T cell
incision in the neck, the bilateral chains of thymic lobes were re-
development. These and other foreseeable uses indi- moved under general anesthesia, as previously described (Cooper
cate the need for reliable markers of recently generated et al., 1966). Sham thymectomy involved all procedures except re-
T cells in other vertebrate species. moval of the thymus. The animals were kept in a warm incubator
during recovery from the surgery.The gene encoding the chT1 antigen has recently
been cloned, and its sequence is indicative of an immu-
noglobulin superfamily member with split V and C2 ex- Immunofluorescence
Cells incubated with unlabeled mouse mAbs were stained indirectlytracellular domains and a relatively long cytoplasmic
with FITC-conjugated goat antibodies to mouse Ig (SBA) and directlytail (Katevuo et al., 1997). Although no obvious chT1
with PE-conjugated mAbs. Residual binding sites of the anti-mousehomolog has been identified yet in mammals, the pattern
Ig antibodies were blocked by an intermediate incubation with nor-of chT1 expression resembles that of the Xenopus thy-
mal mouse serum. For three-color immunofluorescence analysis,
mocyte marker XT-1 (Nagata, 1985) and possibly the biotinylated mAb incubation was followed by incubation with Strep-
murine B2A2 antigen (Scollay et al., 1984). However, the tavidin spectral red (SBA). Between each staining step, cells were
XT-1 and chT1 antigens have been shown to have very washed in cold phosphate-buffered saline containing 1% bovine
serum albumin and 0.02% NaN3. The cells were analyzed with adifferent structural features (Chen et al., 1984; Nagata,
FACScan instrument (Becton Dickinson, Mountain View, CA).1985; Katevuo et al., 1997). CTX, a recently discovered
receptor molecule expressed by cortical thymocytes in
DNA Preparation, PCR, and Southern Blot AnalysisXenopus (ChreÂ tien et al., 1996; Du Pasquier and ChreÂ -
The DNA preparation method (Pickel et al, 1993) involved washingtien, 1996), appears to be the Xenopus homolog of the
the cells in lysis buffer (10 mM Tris [pH 7.4], 10 mM NaCl, 5 mMavian chT1 antigen (Katevuo et al.,1997), and human and
MgCl2), lysis with 0.5% Nonidet P-40, pelleting of the nuclei bymouse gene homologs are suggested by their sequence
centrifugation at 250 3 g, and treatment with 250 mg/ml proteinase
homology with the CTX gene (Du Pasquier et al., 1996). K at 508C for 3±4 hr. DNA was precipitated in 2.5 M ammonium
It will therefore be of great interest to determine whether acetate and an equal volume of isopropanol. After centrifugation,
the products of the conserved chT1/CTX family of genes the pellet was washed twice with 70% of ethanol and resuspended
in water. Equivalent amounts of DNA were used as templates forshare the common characteristic of marking recent thy-
PCR amplification. PCR was carried out using GIBCO-BRL Taq DNAmic emigrants in the periphery.
polymerase under the following cycling conditions: 3 min at 948C;
30 cycles of 1 min at 948C, 1 min at 658C, and 30 s at 728C; and a finalExperimental Procedures
7 min extension at 728C. Primers used to detect TCR rearrangement
deletion circles were as follows: (1) TCR Vb1-Db (Pickel et al., 1993):Animals
59- TGGTGCGGCCGCGCTTAGCAATAGCATTACAGTTGGTATC-39,Eggs of the inbred SC strain of chickens (Hy-line International, Dal-
59 - GTGGGTCGACGACGAAGCAGTGGCAGAGGAAAAGTGGC - 39;las, IA) were incubated at 418C in a humidified incubator. Hatched
(2) TCR Vg1-Jg1: 59-TCCTCAGTGTAAGCCTG TGG-39, 59-CCAAACAchicks were maintained under conventional conditions in our vi-
GCACTTACACTCT-39; (3) TCR Vg2-Jg1: 59-CTTCTGACTGAGGAGCvarium.
TCAT-39, 59-CCAAACAGCACTTACACTCT-39; and (4) TCR Vg3-Jg1:
59-TCACCATAACAGC AAAGTCA- 39, 59 -CCAAACAGCACTTACACAntibodies
TCT-39 (Six et al., unpublished data). The b-actin primers were 59-The CT1, CT3, CT4, CT8, TCR1, and TCR3 monoclonal antibodies
(mAbs) that respectively recognize the chT1, CD3, CD4, CD8a, TACCACAATGTACCCTGGC-39, 59-CTCGT CTTGTTTTATGCGC-39.
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PCR products separated on 1% agarose gels were denatured, neu- ChreÂ tien I., Robert, J., Marcuz, A., Garcia-Sanz, J.A., Courtet, M.,
and Du Pasquier, L. (1996). CTX, a novel molecule specifically ex-tralized, and transferred onto nitrocellulose membranes (Biotech-
pressed on the surface of cortical thymocytes in Xenopus. Eur. J.nology Systems, Boston, MA). The membranes were hybridized
Immunol. 26, 780±791.overnight with [g-32P]ATP-labeled internal probes at 428C and
washed with 33 SSC at 628C for 30±40 min. The probes for hybrid- Cihak, J., Hoffmann-Fezer, G., Ziegler-Heibrock, H.W., Stein, H.,
izing the PCR products of TCR Vb1-Db and Vg1,2,3-Jg1 rear- Kaspers, B., Chen, C.H., Cooper M.D., and LoÈ sch, U. (1991). T cells
rangementdeletion circles, and of b-actin were59-CTACTGGTACAC expressing the Vb1 T cell receptor are required for IgA production
AGTGGACTGTGTG-39, 59-GCCATTCTGAGGTTCTGTGATATAA-39, in the chicken. Proc. Natl. Acad. Sci. USA 88, 10951±10955.
and 59-TGGATCAGCAACAGGAGTA-39, respectively. To obtain a Coltey, M., Bucy, R.P., Chen, C.H., Cihak, J., LoÈ sch, U., Char, D.,
semiquantitative estimate of the relative amounts of circular DNA Le Douarin, N.M., and Cooper, M.D. (1989). Analysis of the first two
in chT11 and chT12 T cells, the blots were scanned with a phos- waves of thymus homing stem cells and their T cell progeny in
phorimager (Molecular Dynamics, Sunnyvale, CA) to quantitate rela- chick-quail chimeras. J. Exp. Med. 170, 543±557.
tive signal intensity. Signal intensities of the deletion circles were Cooper M. D., Peterson, R.D.A., South, M.A., and Good, R.A. (1966)
normalized to that of b-actin. The blots were then exposed to X-ray The function of the thymus system and the bursa system in the
films for 12 hr. chicken. J. Exp. Med. 123, 75±102.
Cooper, M.D., Chen, C.H., Bucy R.P., and Thompson, C.B. (1991).
Statistical Analysis Avian T cell ontogeny. Adv. Immunol. 50, 87±117.
A monoexponential decay model was used to determine the half- Davis, M.M., and Bjorkman, P.J. (1988). T-cell antigen receptor
life of chT1 expression by recent thymic emigrants. Spearman's genes and T-cell recognition. Nature 334, 395±402.
rank correlation coefficient was used to assess the correlation be-
Dieterlen-Lievre, F. (1994). Hemopoiesis during avian ontogeny.tween the numbers of residual thymic lobes and the levels of circu-
Poult. Sci. Rev. 5, 273±305.lating chT11 cells.
Dunon, D., Cooper, M.D., and Imhof, B.A. (1993a). Thymic origin of
embryonic intestinal g/d T cells. J. Exp. Med. 177, 257±263.
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